Reection of electrons from a potential barrier in heterostructures is described. An electric eld of the barrier causes spin splitting of electron energies via the spinorbit interaction and its form is calculated in the three-level k · p model for a nontrivial case of unbound electrons. It is shown that if the potential barrier is the only source of the spinorbit interaction, the spin-ip electron reections are not possible. However, there appear two unexpected possibilities related to the spinorbit interaction: (a) non-attenuated electron propagation in the barrier whose height exceeds the energies of incoming electrons, (b) total reection of electrons whose energies exceed barrier's height. It is indicated that the system can serve as a source of spin-polarized electron beams.
Introduction
It is well known that the spin splitting (SS) of energies in various quantum systems is intimately related to their symmetry. According to the Kramers theorem, the energy of an electron in a periodic system satises the equality: E k↑ = E −k↓ , where k is the wave vector and the arrows ↑ and ↓ signify spin-up and spin-down projections, respectively. If, in addition, a system is characterized by the inversion symmetry, the two spin states are degenerate for any k value: E k↑ = E k↓ . In general, however, for a given k direction and value SS may occur even without an external magnetic eld. It was shown by Dresselhaus [1] that in bulk semiconductors of the zinc blende structure, which have no inversion symmetry, the conduction bands of IIIV compounds are characterized by an anisotropic spin splitting proportional to k 3 for small k values. This splitting was extensively investigated in bulk semiconductors. With the advancement of semiconductor quantum structures a new type of inversion asymmetry became possible, namely the structure inversion asymmetry (SIA). The SIA mechanism also leads to SS of electron energies. The SS related to SIA, often called the Rashba splitting", is of interest due to possible applications, as it can be inuenced by an external electric bias. This interest is a part of the wider movement aimed to use properties of electron spin for technical use.
The subject of SS related to SIA has a controversial history, as reviewed by the present authors [2] . In a widely quoted paper, Bychkov and Rashba [3] wrote down the following Hamiltonian for SS in heterostructures, in which the growth direction is parallel to a high symmetry axis:
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Here σ are the Pauli matrices, k is the 2D electron wave vector transverse to the growth direction, ν is the unit vector in the growth direction, and α is a coecient. In their paper, Bychkov and Rashba did not mention the inversion asymmetry, but it is recognized by now that the coecient α has a nonzero value only if the system is characterized by a structure inversion asymmetry along the growth direction. The Hamiltonian given by Eq. (1) resembles that of the spinorbit interaction (SOI), but one should not confuse it with the SOI in which an electric eld E appears instead of ν. As follows from the description given in [2] , a consensus on the theoretical treatment of the problem of SS due to SIA has been reached, see also [46] . Namely, it has been demonstrated that the SS of conduction energies in asymmetric quantum wells (QWs) is mostly related to asymmetric osets of the conduction and valence bands, both due to dierent energy gaps and spinorbit energies. In particular, the SS of a conduction band is not proportional to the electric eld in this band. If this were the case, the SS would almost vanish because the average electric eld in a bound state is zero if one neglects a dierence of the eective masses in the well and barriers [7] .
It was recognized a few years ago that the SOI can be used to manipulate electron spins in semiconductor heterostructures. In particular, it was proposed to fabricate spin lters by either driving electrons through inhomogeneous heterostructures with dierent strengths of the SOI [8, 9] or by reecting 2D electrons from a lateral potential barrier in an asymmetric quantum well [1015] . It was exprimentally demonstrated by Chen et al. [10, 12, 14] that, in the presence of the SOI, an opaque reection from a potential barrier separates electrons undergoing spinip reections from those experiencing spin-conserving reections. In their system, the electron spin splitting was caused by SIA of asymmetric QWs and the interaction with the barrier.
In our paper we consider reection of unbound 2D electrons from a potential barrier in heterostructures with-(820) out the help" of SIA due to asymmetric quantum well.
Thus, we consider the simple system in which the only source of electron spin-splitting is its interaction with the barrier. This can be realized either by using a symmetric QW or by performing experiments without 2D heterostructures. We actually calculate the spin splitting of unbound electron energies due to the interaction with the barrier, which was not attempted in previous works.
It is shown that, if the barrier is the only source of the SOI, the topology of the system does not allow for spinip reection processes. However, we point out quite unexpected possibilities of non-attenuated electron propagation in the barrier whose height exceeds the energies of incoming electrons and the total reection of electrons whose energies exceed barrier's height. It is argued that even this simple system can be used as a source of spinpolarized electron beams.
The paper is organized as follows. In Sect. 2 we consider the spin splitting of electron energies due to the interaction with the barrier. Section 3 contains analysis of opaque reections: their kinematics and amplitudes.
Section 4 gives numerical estimations of the results. In Sect. 5 we discuss our approach as well as those of other authors. The paper is concluded by a Summary.
Spin splitting due to potential barrier
We rst calculate the spin splitting of electron energies caused by the spinorbit interaction between the incoming electron and the potential barrier. The interaction is of the general form given by Eq. (1) but the problem in our case is not trivial since the energy spectra of unperturbed and perturbed energies are continuous. We consider a nite potential barrier at z = 0. The starting point for the theory is the multiband k · p formulation including the potential V (r) on the diagonal
where l = 1, 2, . . . , E is the electron energy, ε l0 are the band edge energies, m 0 is the free electron mass, f l (r) are the envelope functions, and p l l are the interband matrix elements of momentum taken between the LuttingerKohn periodic amplitudes u l (r). The potential V (r) and the envelope functions f l (r) are assumed to be slowly varying within the unit cell (which is not always a realistic assumption). If the potential varies only in one dimension: V (r) = V (z), one may separate the variables by looking for solutions in the form 
where
in which k 
where we explicitly indicate by the subscripts thatε i and f i are dierent in various parts of the system. Further
Here ε i (z) are the energy gaps, ∆ i (z) are the spinorbit energies, E P = P 2 0 2m 0 / 2 and C represents far-band contributions to the eective mass. The functionsε i (z) and f i (z) depend on z not only via V (z), but also due to the jumps of ε i and ∆ i at the interfaces. We consider the case of steep barrier: 
The matrix element is taken between two orthogonal There is, for each spin, an incoming and a reected plane wave for z ≤ 0 and a decaying wave for z > 0. The incoming wave vector is k z > 0, the reected one is −k z and the decaying wave is described by the imaginary wave vector q z . The value of k x does not change since there is no force acting along the x direction. Explicitly, the unperturbed spin-up and spin-down wave functions have the standard form
Along the x direction the functions are normalized to the length L x , while along the z direction we aim at the normalization to the delta function δ(k z − k z ) and keep the normalization coecient √ N , where N is to be determined.
Now we consider the boundary conditions at the interface. There is
and
This gives for both spin functions
and nally
We assume that initially the electrons are characterized by the energy E and the wave vector k x . Since in the region A there is V (z) = 0, the energy of incoming
while in the barrier region B there is
Now we calculate the normalization of χ(z). N 2π
The nal formula for N depends on the relation between the electron energy E and
a) The rst case is: 
The second term gives no contribution to the integral since both k z , k z > 0. The rst term imposes k z = k z , then from Eq. (16) there is 1 + RR * = 2, so that nally N = 1. It should be noted that the integration over k z is related to the correct dimension of energy in Eq. (3), as mentioned above.
b) The second case is:
The rst term gives 1+R 2 and the second one gives To calculate the spin splitting determined by the average value of | K ↑↓ SIA | = ∆, we take into account the valence osets contained in theε i (z) andf i (z) functions. We will assume here that the potential barrier is a steep but linear function of z, extending from −a/2 to a/2, see Fig. 1 . After some manipulation the expression for ∆ is brought to the form
By changing the variable
, where D is a large number and 
while for the case
The spin splitting is 2∆, see Eq. (8) and Fig. 2 .
It can be seen that the spin splitting of the conduction band due to the SIA mechanism is proportional to the spinorbit energies in the valence bands contained in η B − η A term. Also, ∆ depends on k z and q z , which characterize the incoming electrons. In the published literature one deals with the BychkovRashba spin splitting in quantum wells, where ∆ is related to the electron wave function in the well. The unusual feature of our situation is that we do not deal with the well but with a barrier, so the wave function is replaced by the incoming and returning plane waves and the penetrating component.
Electron reection and penetration
As to the wave functions perturbed by the SOI, it can be seen from Eqs. (3) and (6) that, for k y = 0, the two components of the K SIA operator are of the form T , i.e. they are the eigenfunctions of σ y operator for the spin-up and spin-down states quantized along the y direction. In the following we refer to these states as the spin-up" and spin-down" states, respectively.
Since the components of K SIA in Eq. (3) are proportional to σ y , it is clear that the complete Hamiltonian commutes with σ y . This means that the projection of electron spin on the y direction is a constant of the motion. Since, on the other hand, in our case the perturbed wave functions are the eigenfunctions of σ y , one concludes that the electron spin (on the y direction) is a constant of the motion, so that spin-ip reections from the barrier cannot occur. This conclusion has been conrmed by explicit calculations of the reected amplitudes which, in case of spin-ip, vanish.
Let Ψ 1 describe a spin-up electron with the incoming wave vector k z > 0. The returning electron, reected without the change of spin, has the wave vector −k z and the penetrating component is characterized by q z . The spin-up electron energy is
. For the spin-down electron there is
The corresponding spin-up and spin-down wave functions are
where the second terms correspond to the returning and the third to the penetrating components. Let us assume that in an experiment the spin-up and spin-down electrons have the same total energy E = E 1 = E 2 . Since k x does not change, one gets from Eq. (25) for the spin-up
and from Eq. (26) for the spin-down electron
There follow from Eqs. (30) and (32) unexpected and interesting possibilities. One usually expects that, when the incoming electron has the energy E larger than the barrier height V b , it can move above the barrier with a nonvanishing amplitude. However, it follows from Eq. (30) that a spin-up electron can have E > V b but still, due to the appearance of ∆ with the minus sign, the resulting q z 2 is negative, so that q z is imaginary. According to Eq. (27) this means that the penetrating wave is quickly damped, while the spin-up wave is almost totally reected. On the other hand, one usually expects that, if E < V b , the electron is almost completely reected, while the penetrating wave is quickly damped.
However, it follows from Eq. (32) that a spin-down electron can have E < V b and still, due to the appearance of ∆ with the plus sign, the resulting q z 2 is positive, so that q z is real. According to Eq. (28) 
Estimations
We estimate numerical values of amplitudes by considering the specic barrier: InSb/In 0.91 Al 0.09 Sb. In Table I we quote the band parameters of the involved narrow-gap semiconductor materials plus the oset V b of the heterojunction. All the other parameters can be inferred from the given values. In Table II we give the eective masses calculated for the electron energies E in the regions A and B. It should be reminded that the wave vectors q z and q z refer to the spin-up and spin-down electrons, respectively. 0.02435
In Tables III and IV we quote characteristics of reected and penetrating waves, as calculated for dierent initial sets of parameters. The initial sets comprise elec- (Table III) and (Table IV) 
The same as in Table III but for E = 0.13 eV and V b = 0.111 eV. It is instructive to calculate not only the amplitudes, but also reection and transmission coecients of various waves. A transmission coecient TC is dened as T C = |J tr /J in | and the reection coecient as RC = |J re /J in |, where J in is the incoming current. According to Eqs. (27) and (28), we have for the incoming spin-up electron: (Table IV) the transmitted wave is attenuated in the barrier and has the transmission coecient T C 1 = 0.
As mentioned above, the considered system can serve Table IV) , the spin-up component is totally reected, while the spin-down component is partially transmitted without attenuation, so that the transmitted electrons will have again the spin-down polarization.
Discussion
We rst examine the approximations used in our ap- Rashba spin splitting for unbound electrons has not been attempted before.
As it was mentioned in Sect. 2, the spin-ip ballistic reection of electrons from a potential barrier was experimentally realized by Chen and coworkers in InSb/InAlSb and InAs/AlGaSb heterostructures [10, 12, 14] . In their experiments, the authors used a triangular geometry": two sides of a triangle with slits were employed to inject and detect electron beams, the third side was utilized as a barrier. An external magnetic eld transverse to the 2D plane of the heterostructure was used to direct the reected beams to the detecting slit. A theoretical description of these experiments was presented mostly in Ref. [11] . The authors assumed that the spin splitting of electron energies due to the SOI had two origins: the structural asymmetry of the quantum well and the barrier. However, it was then incorrectly concluded that the BychkovRashba spin splitting of electron energies due to the asymmetric well was proportional to the electric eld in the conduction band and that the spin splittings caused by the two origins were governed by the same material parameter. The calculation of spin splitting due to the SO interaction of unbound electrons with the barrier was not attempted. Teodorescu and Winkler [15] in their analysis of spin-dependent reections from an impenetrable barrier used as an origin of the Bychkov-Rashba spin splitting only the inversion asymmetry of the well. In the above arrangements the spin-ip reections were possible because they had the reecting barrier in addition along the x direction, while the spin resulting from the asymmetry of the quantum well (grown parallel to the z axis) was directed along the y axis.
In the work on the spin separation in 2D cyclotron motion (Ref. [16] ) and transverse electron focusing in 2D systems with the SOI (Ref. [17] ), the BychkovRashba splitting for unbound electrons was taken into account only phenomenologically. In this connection we mention that the SOI related to the barrier can separate spins in the presence of an external magnetic eld B transverse to the electron motion (xy plane in our geometry).
Suppose that all incoming electrons have the Fermi energy E F . Then the spin-up and spin-down components have the kinetic energy m * v 2 ± = E F ∓ ∆, respectively.
The resulting Lorentz force in the two cases is dierent:
F ± = e(v ± × B), so that the corresponding electron trajectories, including reections from the barrier, will be dierent.
It should be emphasized that, as follows from our Eq. (23) and Ref. [2] , the BychkovRashba splitting for unbound and bound electrons bear some similarities but are also marked by important dierences. In both cases it is necessary to have the SOI and the structure inversion 
